The temperate bacteriophage Sf6 infects Shige//a flexneri strains of serotype X or Y, converting them into serotypes 3a or 3b, respectively. The tailspike protein (TSP) of Sf6 possesses endo-183-a-~-rhamnosidase (endorhamnosidase) activity which results in cleavage of the lipopolysaccharide O-antigen receptor during the adsorption of the phage to the cell surface. When used in Southern hybridization, a P22 gene 9 (encoding P22 TSP) DNA probe hybridized with restriction fragment Pstl-7 of Sf6. DNA sequencing and analysis of Pstl-7 and the adjacent Pstl-8 fragment revealed an open reading frame (ORFI) of 1872 bp (624 amino acids) bearing amino acid sequence homology to the bacteriophage P22 TSP N-terminal head-binding domain. High conservation of key residues was suggestive of similar secondary and tertiary N-terminal protein structure and a similar function of the Sf6 TSP in this region. In addition, an amino acid sequence motif (DFGX,DGX,AX,A) was identified between residues 164 and I84 which was also found to exist in various prokaryotic and eukaryotic exo-/endoglycanases, C-5 epimerases and bacteriophage proteins. Expression of ORFl from a T7 promoter produced a 67 kDa protein (detected by ~-[~~S]methionine labelling and SDS-PAGE). Assay of heat-treated cytoplasmic extracts containing the ORFI -encoded protein by incubation with whole Sh. flexneri Y cells demonstrated that 0-antigen hydrolysis activity was present; ORFl therefore encodes Sf6 TSP. Sf6 TSP exhibited specific and preferential activity for long-chain Sh. flexneri serotype X or Y 0-antigen, cleavage of which resulted in the release of oligosaccharide fragments, consistent with octasaccharides in site, as detected by fluorophoreassisted carbohydrate electrophoresis (FACE).
INTRODUCTION
Shigella flexneri is a Gram-negative, non-motile, rodshaped, intracellular bacterial pathogen that invades the human colonic epithelium, causing bacillary dysentery. The presence of group-and type-specific 0 somatic Lindberg, 1987) . Bacteriophage Sf6 mediates the conversion of Y or X strains of Sh. flexneri into the 3b and 3a serotypes, respectively (Clark et al., 1991) . A Sf6borne gene (oac) encodes an 0-antigen acetyltransferase which adds an acetyl group to 0 -2 of the third rhamnose residue on the repeated 0-antigen tetrasaccharide (Clark et ul., 1991) .
Sh. flexneri bacteriophage Sf6 possesses an isometric head, which is 53 nm in diameter and encloses a doublestranded DNA genome slightly less than 40 kb in length (Gemski et al., 1975; Clark et ul., 1991) . Attached to the head is a 16 nm non-contractile tail terminating with a base plate containing six tailspikes (Lindberg et ul., 1978) . The morphological characteristics of phage Sf6 are typical of the C phages, according to the classification of Bradley (1967) , and are very similar to Salmonella bacteriophage P22. Bacteriophage Sf6 infects through making initial contact by adsorption to a primary receptor in the group 3,4 0-antigen before gaining access to its secondary receptor on the cell surface, at which the phage releases its genomic DNA into the Sh. flexneri host (Lindberg et al., 1978) . Phage adsorption to the bacterial 0-antigen is accompanied by an endo-1,3-a-~-rharnnosidase (endorhamnosidase) 0antigen cleavage activity facilitating phage access to the bacterial outer-membrane surface. This endorhamnosidase activity is also exhibited by other 0-antigen converting phage, such as Salmonella phages P22 and &I5, and by coliphage R8 (Kanegasaki & Wright, 1973; Takeda & Uetake, 1973 ; Wallenfels & Jann, 1974) . The endorhamnosidase activity of bacteriophage P22 is associated with the tailspikes, which are composed of a trimer of the P22 gene-9-encoded tailspike protein (TSP) (Israel et al., 1972; Israel, 1978; Baxa et al., 1996) , and this is also likely to be the case for Sf6 TSP.
The endorhamnosidase of Sf6 acts by cleaving a specific 1J-a-linkage between the second and third rhamnose residues of the 0-antigen tetrasaccharide repeat unit of susceptible Sh. flexneri strains, releasing an octasaccharide cleavage product as shown by methylation and reducing end-group sugar analyses (Lindberg et al., 1978) (Fig. 1) . Such endorhamnosidase activity may be utilized by the phage to clear a path through the bacterial LPS to gain access to the secondary receptor on the cell surface (Lindberg et al., 1978) . Alternatively, as de-scribed for the P22 tailspike (Baxa et al., 1996) , it may act to release progeny phage particles from cellular debris at the end of a lytic cycle.
In this study we report on the identification, cloning and sequencing of the gene encoding the bacteriophage Sf6 TSP/endorhamnosidase. Characterization of the Sf6 TSP showed similarity with a number of exo-and endogiycanases, C-5 epimerases and proteins from bacteriophages and eukaryotic viruses. The TSP was overexpressed, partially purified and its endorhamnosidase activity was investigated.
METHODS

Bacterial strains, culture conditions and culture media.
Strains used in this study included: Escherichia coli DHSa, E2096 [E. coli DHS(pGP1-2)] and E2096(pSf6orfl) ; Sh. flexneri PE577 (serotype Y) (Morona et al., 1994) and various other serotypes as detailed in the legend of Fig. 7 ; and Salmonella typhirnurium LT2 (from K. Sanderson, Salmonella Genetic Stock Center, University of Calgary, Canada). E. coli strain PY 13579 harbouring p JS28, which encodes the P22 TSP (Sauer et al., 1982) , was also obtained from K. Sanderson. All strains were grown at 37 O C in Luria-Bertani (LB) broth (Morona et al., 1994) , except derivatives of E2096.
These were grown at 30 OC since they harbour pGP1-2, which encodes a temperature-induci ble T7 RNA polymerase. Strains were grown in 2 x YT medium (Miller, 1972) when cytoplasmic extracts were to be prepared, Antibiotics were used at the following concentrations where appropriate (pg ml-l) : ampicillin (Ap) 100; chloramphenicol (Cm) 25 ; kanamycin (Km) 50; and rifarnpicin (Rif) 200. IPTG and X-Gal were used at 40 pg ml-' in LB plates.
Bacteriophage, plasmids and DNA methods. SfGc phage (herein called Sf6) was recently described by Van den Bosch et al. (1997) . Sf6 was propagated and DNA prepared as previously described (Clark et al., 1991; Van den Bosch et al., 1997) . Plasmids used in this study include: pBS-SK (ApR) and pBC-KS (Cm") (Stratagene), pGEMT and pCEM5Zf (Promega), pGP1-2 (Tabor & Richardson, 1985) , pSfGPst7 (PstI-7 fragment of Sf6 genome cloned into pBS-SK), pJS28 (P22 gene 9 under lacUVS promoter, ApR ; Sauer et al., 1982; Schwarz & Berget, 1989) , pSf6Pst7l (0.7 kb PstI-WindIII subclone of PstI-7 inserted into pBC-KS, Crn"), pSf6Pst72 (1.7 kb PstI-EcoRV subclone of Pstl-7 inserted into pBC-KS, Cm"), pSf6Pst73
(1.0 kb EcoRV subclone of PstI-7 inserted into pBS-SK, ApR), pSf6Pst74 (2.2 kb HindlII-PstI subclone of PstI-7 inserted into pBC-KS, Cm") and pSf6orfl (Sf6 ORFl in pGEMT, ApR). Plasmid DNA was prepared by the alkali lysis technique, and restriction enzyme digestion, agarose gel electrophoresis, ligation, electroporation and transformation were performed as described by Morona et al. (1994 Morona et al. ( , 1995 .
DNA sequencing and PCR. DNA sequencing was carried out using dye-terminator, or dye-primer sequencing reactions (Applied Biosystems) using the M13, -21 forward and reverse primers and other primers as listed below. The complete DNA sequence of ORFl was obtained with dye-primer sequencing of PstI-7 subclones, whilst internal primers were used in dyeterminator sequencing. PCR amplification was performed using standard protocols with Amplitaq DNA polymerase (Hoffman-La Roche) as described recently (Mavris et al., 1997) . PCR products were cloned into pGEMT (Promega) according to the manufacturer's instructions. Oligodeoxynucleotides were obtained from Biotech International.
Oligonucleotide primers. Oligonucleotide primers used in PCR and dye-terminator sequencing reactions included : 2188 (5' end of bacteriophage P22 gene 9, 5'-TAAATGACAGA-CATCACTGC-3') ; 2189 (3' end of bacteriophage P22 gene 9, 5'-AAGTGTTGCCAAGGTTAATC-3') ; 21 11 (140 bp downstream of ORF1, 5'-GTTAAGTGCCGTGACTGT-3') ; 2232 (100 bp upstream of ORF1, 5'-TTCAACAGATCTCTTT-GCC-3') ; 2234 (internal sequencing primer for ORF1, 5'-CTCCGAGCCAAAAAGCG-3') ; 2235 (internal sequencing primer for ORF1, 5'-TTCTCAGATAACGGGCCG-3') ; 2236 (internal sequencing primer for ORF1, 5'-AATTGTCAGT-GGTGGTTCA-3') ; 2237 (internal sequencing primer for DNA and protein sequence analysis. Raw sequencing data from the 373A automated sequencer were analysed using the Applied Biosystems SeqEd program version 6.0. Sequencing data were analysed using DNASIS and PROSIS (Hitachi Software Engineering). DNA sequences and translated amino acid sequences obtained were searched against the NCBI sequence database through on-line BLAST and BLAST^ software (Altschul et al., 1997) . CLUSTAL w was also used to perform amino acid sequence alignments (Thompson et a[., 1994) .
Southern blotting methods. Southern blotting procedures were performed as recently described (Morona et al., 1995) .
Plasmid pJS28 provided the bacteriophage P22 gene 9 DNA template for a PCR reaction using primers 2188 and 2189 to synthesize a digoxigenin (DIG) -labelled ddUTP pro be. DIG-
ORF1,5'-TTGATTGTTTGCCAGCCC-3').
ddUTP was incorporated into PCR products in accordance with the protocol supplied by Boehringer Mannheim. The labelled PCR product (50111) was then used as a probe in Southern hybridizations as recently described (Mavris et al., 1997) . For the hybridization of bacteriophage P22 gene 9 DNA to PstI-digested Sf6 genome, stringency was lowered by the use of 0-1 x SSC washes at 50 "C. Hybridization and detection were performed with DIG labelling and detection kits (Boehringer Mannheim), according to the manufacturer's instructions.
PCR amplification and cloning of ORFI. Primers 2111 and 2232 were used in PCR with Sf6 DNA as the template to amplify a 2-1 kb region, spanning the PstI-7 and PstI-8 junction, which contained the entire ORFl (Fig. 2) . The primers were placed to include approximately 100 bp of flanking sequence upstream of the start codon as well as approximately 140 bp of sequence downstream of the termination codon. The PCR product was ligated to pGEMT and transformed into DH5a. A clone (pSf4orfl) harbouring the construct, inserted such that expression was driven by the T7 promoter, was selected by restriction enzyme analysis and confirmed by DNA sequencing.
~-[~~S]Methionine labelling and SDS-PAGE. Induction of T7
RNA polymerase and radioisotopic labelling of proteins was performed according to Tabor & Richardson (1985) as detailed recently (Morona et al., 1994) , except that E2094 (pSf6orfl) and E2096(pGEMSZf) cells were washed and resuspended in 1 ml M9 salts (Miller, 1972) with 0.01 */ o (w/v) methionine assay medium (Difco 0423-15-2) prior to incubation with Rif, and labelled with ~-[~~S]methionine (SJ204, Arnersham) for 5 min at 30 "C. Cells were then pelleted in a microfuge, resuspended in sample buffer (Lugtenberg et al., 1975) , heated at 100 "C for 3 min and subjected to SDS-PAGE on a linear 15 % polyacrylamide gel (Lugtenberg et al., 1975) . The gel was stained in 0-06% (w/v) Coomassie brilliant blue G250 [dissolved in 5 Yo (v/v) perchloric acid], destained with 5 % (v/v) acetic acid, dried and labelled proteins were detected by autoradiography (Morona et al., 1995) . Molecular size markers (Pharmacia) were : phosphorylase B (94 kDa), bovine serum albumin (47 kDa subcultured and grown to an OD,,, of 0.5. Induction of protein expression was achieved by shifting the culture to 42 "C. After 2 h, a cytoplasmic extract (CE) was prepared based on a procedure provided by K. Sanderson (University of Calgary, Canada). Cells were pelleted, resuspended in 100 m M Tris/HCl pH 7-5, 10 m M EDTA [2 ml (g cell pellet)-'] and lysed by the addition of lysozyme [2 mg (g cell pellet)-'] at 37 "C for 1 h. The mixture was incubated at 65 O C for 2 h to complete lysis and denature heat-la bile proteins. The crude lysate was subsequently centrifuged at 17000 r.p.m. in a JA20 rotor (Beckman J2-MI) for 70 min. The amber supernatant was then decanted, incubated at 4 "C overnight and centrifuged again at 17000 r.p.m. for a further 20 min to remove precipitants. The supernatant (crude cytoplasmic extract) was either used directly, or concentrated and reconstituted in 10 rnM Tris/HCl p H 7 5 , l O m M MgCl, (TM buffer) using an Ultrafree-15 centrifugal filter device (Millipore) according to the manufacturer's instructions. Extracts were also prepared from PY 13579, E2096(pGEM5Zf) and DHSa(pBS-SK) using the same method.
Preparation of formalin-fixed cells. Bacterial strains grown for 18 h in 10 ml LB at 37 "C were collected by centrifugation (5000 r.p.m., 10 min; Centra 4X, IEC) and washed twice with saline. Cells were then treated with 1% formalin solution in saline at 37 "C with agitation for 1 h. The formalin-fixed cells ( lo1*) were collected by centrifugation, resuspended in 1 ml saline and stored at 4 O C .
Endorhamnosidase activity assay. An aliquot of 0.1 ml formalin-fixed cells was mixed with equal volumes of CE and T M buffer and the suspension was incubated at 37OC for 30 min. Alternatively, loll p.f.u. of Sf6 phage, resuspended in 0.1 ml TM buffer, was used instead of CE as a positive control. Fixed cells treated with CE of plasmid-vector-containing strains were used as negative controls. After the incubation period, the cells were pelleted as above and washed twice in MilliQ purified water (Millipore). Small-scale LPS preparations were made by proteinase K treatment of whole-cell lysates (Hitchcock & Brown, 1983 
Fluorophore-assisted carbohydrate electrophoresis (FACE).
The procedure followed was thar described in detail by Jackson (1991) In this technique, the reducing end sugar of an oligosaccharide is reacted with a highly charged, fluorescent molecule, 8-aminonaphthalene trisulphonic acid (ANTS). The derivatized oligosaccharides are then separated by electrophoresis on a polyacrylamide gel and detected by fluorescence.
In brief, a 1OOpl aliquot of supernatant from a standard endorhamnosidase assay (described above) was deproteinated by ethanol precipitation, dried in V~C U O in a Savant Speedi-Vac, resuspended in reaction buffer and incubated with ANTS and sodium cyanoborohydride for 16 h at 37 OC, exactly as described by Jackson (1991) . The sample was dried in vucuo, resuspended in 100 pl sample buffer (Jackson, 1991) and 10 pl was electrophoresed on a 075 mm thick 30 O/ O polyacrylamide gel using a Bio-Rad Mini Protean apparatus. The gel was placed on a 312 nm UV transilluminator to detect fluorescent bands, which were photographed using Polaroid 667 film.
RESULTS
DNA sequencing of Sf6 Psfl-7
The genome of Sh. flexneri bacteriophage Sf6 has been shown to be digested into nine fragments using the restriction enzyme PstI (Clark et af., 1991). These fragments were designated PstI-1 to PstI-9, in descending size order, During this study a previously unidentified 100 bp fragment (PstI-lo), located between PstI-7 and PstI-2, was detected and is incorporated into the PstI restriction map of the Sf6 genome (Fig. 2) . Preliminary DNA sequencing of Sf6 has identified homologues to 14 bacteriophage P22 genes (1, 7 , 10, 23, 14, 15, 16,19,20, Sf6 tailspike gene and protein The amino acids forming the motif are in bold type and indicated with asterisks. The sequences are: K1, bacteriophage K1 endoneuraminidase (PIR accession number: S52299); YEPG, Yersinia enterocolitica exopolygalacturonase (GenSank: AF059505); C51 and C52, Azotobacter vinelandii mannuronan C-5 epimerase (GenBank: L39096); ATA, Arabidopsis thaliana putative polygalacturonase (GenBank: AC002339). Additionally, the proteins described in Table 1 , which have similarity with this region of Sf6 ORFI, also have sequences which are a subset of the motif shown here. A DIG-labelled probe derived from the bacteriophage P22 TSP gene (gene 9) was used in Southern hybridization with PstI-digested Sf6 genomic DNA. The labelled probe hybridized to a single 2.9 kb fragment of Sf6 which corresponds to PstI-7 (data not shown). Restriction enzyme analyses of PstI-7 cloned in pBS-SK (pSf6Pst7) using PstI, Hind111 and EcoRV led to the construction of a restriction map of PstI-7 ( Fig. 2b) . Based on the restriction map of PstI-7 ( Fig. 2b) , subclones of PstI-7 (pSf6Pst71, 72, 73, 74) were constructed for DNA sequencing. PstI-8, which lies adjacent to PstI-7, had been previously sequenced (Clark et al., 1991) . Analysis of the DNA sequences obtained revealed an ORF of 1872 bp (ORF1) extending from PstI-7 into PstI-8 (Fig. 2b) . ORFl encodes a protein (624 amino acids) with a predicted molecular mass of 66-2 kDa. A putative rho-independent transcription terminator separated ORFl from the convergently transcribed 0acetylase gene ( o m ) (Clark et al., 1991) . The DNA sequence preceding and near the 5' end of ORFl has significant homology (69% identity over 340 bp, beginning from the 5' end of the gene) to the bacteriophage P22 gene 9 (encoding P22 TSP) sequence.
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Analyses of the ORFl protein amino acid sequence
The predicted amino acid sequence encoded by ORFl shows regions of marked homology to various proteins. The region bearing significant homology (64 O/O identity, 74% similarity) to P22 TSP spanned the first 137 amino acids at the N termini of ORFl and P22 TSP (Fig. 3 ) . This corresponded to the head-binding domain of the P22 TSP (Steinbacher et al., 1994 (Steinbacher et al., , 1996 (Steinbacher et al., , 1997 regions of ORFl exhibited similarity to other phage TSPs, phage structural proteins and non-phage proteins. These similarities are discussed in detail below. Of particular interest was the detection of a motif sequence (DFGX,DGX,AX,A) located between residues 164 and 184 which was present in various prokaryotic and eukaryotic exo-/endoglycanases, such as the exopolygalacturonase of Yersinia enterocolitica, and in C-5 epimerases of Axotobacter vinelandii (Fig. 4) . Table 1 summarizes the proteins found to have amino acid sequence similarity with the ORFl protein.
Detection and characterization of the ORFl protein
~-[~~S]
Methionine was used to label the primary translation product of E2096(pSf6orfl). A single band unique to E2096(pSf6orfl) at 67 kDa was detected (Fig. 5 , lane  1) . Sf6 tailspike gene and protein Fig-7 . Specificity of Sf6 ORFl protein/TSP. Formalin-fixed cells were prepared from the indicated strains and incubated either with CE from the control strain E2096(pGEM5Zf) (evennumbered lanes) or with Sf6 TSP containing CE from E2096(pSf6orfl) (odd-numbered lanes). LPS was then prepared from the cells and analysed by SDS-PAGE and silver-staining.
Lanes: 1 and 2, E576 (serotype X); 3 and 4, PE645 (serotype 3b); 5 and 6, PE843 (serotype 3a); 7 and 8, PE839 (serotype la); 9 and 10, PE840 (serotype 1 b); 11 and 12, PE566 (serotype 4a); 13 and 14, PE572 (serotype 4b); 15 and 16, serotype PE655 (serotype 2a); 17 and 18, PE842 (serotype 2b); 19 and 20, PE647 (serotype 5a); 21 and 22, PE790 (serotype 2a).
P22 TSP had an unaltered LPS profile (Fig. 6, lane 4) . Likewise, E2096(pSf6orfl) CE did not affect the LPS 0antigen of Sa. typhimuriurn LT2 (Fig. 6, lane 6 ) ; the latter was susceptible to P22 TSP/endorhamnosidase cleavage (Fig. 6, lane 5) and resulted in the production of LPS with shortened O-antigen chains as compared with the sample treated with a control CE (Fig. 6, lane 7 ) . These data show that ORFl encodes the Sf6 TSP/ endorhamnosidase. Additionally, we observed that the addition of concentrated CE from E2096(pSf6orfl) to a suspension of formalin-fixed cells of PE.577 resulted in the immediate agglutination of the cells. This observation provided a rapid and simple assay for detecting Sf6 TSP in CEs.
Serotype-specific activity of Sf6 endorhamnosidase
The E2096(pSf6orfl) CE containing the Sf6 TSP/ endorhamnosidase was assayed against a panel of Sh. flexneri strains of different serotypes (Fig. 7) . Endorhamnosidase-treated PE576 cells (serotype X) showed significant O-antigen cleavage (Fig. 7, lane 1) , as expected from the host range of Sf6. Strains PE645 and PE843 (serotypes 3b and 3a, respectively) possess 0antigen modifications arising from the lysogenization of Sh. flexneri Y and X strains, respectively, by bacteriophage Sf6. No O-antigen cleavage was observed when either strain was treated with Sf6 TSP/ endorhamnosidase (Fig. 7, lanes 3 and 5 ) . O-antigen cleavage was not observed in any of the other serotypes of Sh. flexneri tested, except PE647 (serotype 5a). In the latter case, only a low level of O-antigen cleavage was observed (Fig. 7, lane 19) . Hence, this and the above data demonstrate that ORFl encodes the Sf6 TSP/ endorhamnosidase with a specificity which agrees with the known host range of Sf6 (Clark et al., 1991) . significant labelling of products expressed by the control strain E2096(pGEM5Zf) (Fig. 5, lane 2) was detected.
We then investigated whether the ORFl protein had endorhamnosidase activity. A CE was prepared from E2096(pSf6orfl), as described in Methods. Analysis of the CE by SDS-PAGE and Coomassie blue staining revealed the presence of a protein band corresponding in size to that detected by ~-[~~S]methionine labelling and which was absent in the E2096(pGEMSZf) CE (data not shown). Endorhamnosidase activity assays were performed using CE from E2096(pSf6orfl), with appropriate controls. The E2096(pSf6orfl) CE exhibited endorhamnosidase activity as evidenced by the drastic shortening of Sh. flexneri serotype Y (PE577) LPS 0antigen chains (Fig. 6, lane 3) when compared with the LPS of negative-control CE-treated cells (Fig. 6, lane 1) and with untreated PE577 LPS O-antigen (Fig. 6 , lane 8 ).
This endorhamnosidase activity was similar to that produced by incubation with whole bacteriophage Sf6, used as a positive control (Fig. 6, lane 2) . In addition,
PE577 cells treated with CE containing bacteriophage
Detection of the oligosaccharide released by Sf6 TSP activity on Sh. frexneri O-antigen
As the endorhamnosidase activity of Sf6 phage on Sh. flexneri Y O-antigen results in release of octasaccharide fragments (Fig. l) , we investigated the ability of Sf6 TSP to release oligosaccharides from O-antigen by using FACE (Jackson, 1991) .
Cells of Sh. flexneri Y (PE577) were incubated with buffer, control CE, Sf6 TSP containing CE, or Sf6 phage. The supernatant was recovered and oligosaccharides present detected as described in Methods. The supernatant from control cells showed no spontaneous release of oligosaccharides (Fig. 8, lane 5 ) . The cells treated with either Sf6 phage or cytoplasmic extracts containing Sf6 TSP released a small oligosaccharide whose size was close to that of maltoheptose (Fig. 8, Iane 7 ) and hence is likely to be the expected octasaccharide (Fig. 8, lanes   2 and 3 ) . Additionally, cells of Sh. flexneri serotype 2a incubated with CE containing Sf6 TSP did not release oligosaccharides into the supernatant, as expected (Fig.   8, lane 4) . Similarly, PE.577 cells treated with CE from E2096(pGEMSZf) showed no cleavage products (Fig. 8,  Fig. 8 . Detection of oligosaccharides released following Sf6 TSP treatment of whole cells by FACE. Formalin-fixed cells (lo9) of the indicated type were treated with Sf6 phage or CE from E2096(pSF6orf 1) as described in the legends to Figs 6 and 7. The supernatant was recovered and incubated with derivatized ANTS. A sample (corresponding to 1/10 the original sample) was subjected to FACE and fluorescent bands were detected as described in Methods. Lanes: 1, PE577 (Y serotype) incubated with control CE from E2096(pGEM5ZF); 2, PE577 incubated with Sf6 phage; 3, PE577 incubated with CE containing SF6 TSP from E2096(pSf6orfl); 4, PE655 (serotype 2a) incubated with SF6 TSP containing CE from E2096(pSf6orfl); 5, PE577 untreated.
Lanes 6 and 7 contain maltohexose (6 glucose repeat) and maltoheptose (7 glucose repeat), respectively, which have been derivatized with ANTS and served as size markers. Free ANTS is indicated with an arrow. lane 1). Hence, we have shown that the major product of Sf6 TSP/endorhamnosidase activity on Sh. flexneri Y LPS 0-antigen is an oligosaccharide which is likely to be the expected octasaccharide.
DISCUSSION
Sh. flexneri bacteriophage Sf6 is related to the wellcharacterized Salmonella bacteriophage P22 in terms of morphology, genome organization and DNA sequence.
Of particular relevance to this study, bacteriophage P22 possesses an endorhamnosidase activity associated with its TSP which plays a similar role to that of the Sf6 TSP in the infection process (Israel et al., 1972; Israel, 1978; Steinbacher et ul., 1997) . The Sf6 ORFl DNA sequence was homologous to the P22 gene 9 sequence, explaining the detection of PstI-7 by Southern hybridization with the P22 gene 9 probe. The region of nucleotide sequence homology to P22 TSP involved not just the coding region, but also a 16 bp sequence immediately prior to the translational start, incorporating the proposed ribosome-binding site. In addition to its similarity with P22 TSP (Fig. 3) , the Sf6 TSP also had similarity with sequences near the N-terminal region of bacteriophage K l TSP/endosialidase (Table 1 ) (Long et al., 1995) . Like P22 TSP, the K 1 TSP possesses enzymic activity and has been shown to form active trimers as part of the assembly process to produce mature phage particles (Petter & Vimr, 1993; Schwarz & Berget, 1989; Steinbacher et ul., 1997) . The N-terminal amino acid sequences of phage TSPs can be highly conserved between related bacteriophages (Petter & Vimr, 1993) , an ob-servation which is consistent with our observation that the P22 TSP gene could be used to detect the Sf6 TSP gene. Hence, Sf6 TSP is a member of a family of bacteriophage endoglycanases.
The region of homology (64% identity) between Sf6 TSP and P22 TSP (residues 1-137) is a domain previously shown to be involved in the attachment of the tailspike to the phage capsid (Chen & King, 1991 ; Steinbacher et a[., 1994 Steinbacher et a[., , 1996 Steinbacher et a[., , 1997 . The three-dimensional structure of the phage head-binding domain of P42 TSP has recently been solved to a resolution of 2. 3 A (0.23 nm) , enabling the elucidation of detailed secondary structural features and the identification of the interactions be-
tween key residues which contribute to the tertiary structure of the protein (Steinbacher et af., 1997) . The head-binding domain of P22 TSP consists of two psheets: A (5 strands termed A1-AS) and B (3 strands, Bl-B3) (Fig. 3 ). The residues that make up these strands are very highly conserved between the Sf6 and P22 TSPs (82 O h Similarity, Fig. 3 ) , suggesting that the N-terminal structure of Sf6 TSP is almost identical to that of P22 TSP and that it acts as the head-binding domain.
Furthermore, key residues involved in intra-/intersubunit interactions were also highly conserved. Such conserved residues include those involved in intersubunit hydrogen-bond formation (residues 7-9 of one subunit with 81-83 of another; residue Arg20 of one subunit with Gly76 of another), intra-subunit hydrophobic contact (residues Lys80-Tyr108) and a cluster of three phenylalanine residues (Phe22 of each subunit) which cap the roof of the dome formed by trimerization (Steinbacher et a/., 1997) . The conserved N-terminal residues 7-9 form an interdigitating strand, hydrogenbonding with residues 81-83 of a neighbouring subunit in an interaction typical of virus structures (Harrison et al., 1996) . In addition, the N-terminal region of AmsF of Erwinia amylovora (Bugert & Geider, 1995) was also found to be homologous (33% identical) to the Nterminal domain of Sf6 TSP (Table 1) . AmsF was thought to be a periplasrnic protein involved in either the polymerization or processing of repeat units of amylovoran, a polysaccharide that confers virulence to the organism. Our observation suggests that AmsF may have originated in part from bacteriophage sources.
A remarkable finding was the detection of a large variety of bacterial and eukaryotic enzymes and proteins bearing amino acid sequence similarity to the region between residues 151 and 210 of Sf6 TSP (Table 1) . In particular, all homologous sequences contained a motif sequence (DFGX,DGX,AX,A) which can be aligned with the Sf6 TSP sequence spanning residues 145-183 ( Fig. 4 , Table I ). Many homologous sequences originate from enzymes involved in degradation of polysaccharide chains (endo-or exoglycanases), similar to the endorhamnosidase activity of Sf6 TSP. This motif will be referred to as the 'glycanase motif'.
Bacteriophage proteins containing the glycanase motif include the bacteriophage K1 TSP (Fig. 4, Table 1 ) and the pre-neck appendage protein of phages 103 and phi- which possesses a modular structure and is involved in the control of extracellular polysaccharide capsule alginate structure modifications (Ertesvig et al., 1995) .
A. vinelandii produces at least five separate C-5 epimerases (termed AlgE1-AlgES), each being composed of one or two A modules (thought to be involved in substrate binding and catalysis) and single or multiple R modules (involved in Ca2+ binding). One copy of the glycanase motif can be found in each A module (Fig. 4 , Table 1 ). This raises the possibility that the glycanase motif may be situated near, or within, a region of Sf6 TSP that is involved in substrate binding or catalysis, as is suggested in AlgE. The possibility of a role in substrate binding is further enhanced by the presence of this motif in such a wide range of enzymes known to catalyse polysaccharide-chain hydrolysis (e.g. polygalacturonidases of various organisms). An important observation is that such glycanase motif-bearing galacturonidases (active on polygalacturonans) can bind to alginate, the substrate of C-5 epimerase (Gupta et al., 1993) , illustrating that substrate binding does not necessarily accompany enzyme activity.
Based on the DNA sequence of ORF1, plasmid pSf6orfl was constructed and then transformed into E2096 to facilitate T7 RNA-polymerase-dependent gene expression. A protein corresponding in size with the ORFl translation product was detected by labelling with L-[ 35S]methionine ( Fig. 5 ) and Coomassie blue staining (data not shown). The demonstration of endorhamnosidase activity by visualizing silver-stained LPS profiles from PE577 cells treated with CE prepared from induced E2096(pSF6orfl) (Fig. 6 ) provided direct evidence that ORFl encoded the Sf6 TSP/endorhamnosidase. In common with bacteriophage P22 TSP (Sauer et al., 1982) , Sf6 TSP was heat-stable as preparation of CE containing the protein involved heat treatment at 65 "C for 2 h. Additionally, we observed that CE containing SF6 TSP were able to agglutinate PE577 cells. A hypothesis to explain this observation is that, like P22 TSP (Steinbacher st al., 1994) , Sf6 TSP is able to trimerize and at high concentrations is able to cross-link bacterial cells.
0-antigen cleavage catalysed by either the Sf6 TSP in cytoplasmic extracts or whole Sf6 phage gave rise to an LPS profile on SDS-polyacrylamide gels consisting predominantly of LPS molecules with 0-antigen chains of approximately five tetrasaccharide repeat units (Fig.  6, lanes 2 and 3) . This was also true for P22 TSP cleavage of Sa. typhimurium LT2 LPS (Fig. 6 , lane 5) . These findings agree with the kinetic studies of Baxa et al. (1996) , who calculated that the P22 TSP could only cleave one glycosidic bond per 30 s at 14 "C. We propose that long 0-antigen polysaccharide chains are the preferred substrate for the Sf6 TSP/endorhamnosidase and cleavage rates are several orders of magnitude faster for this substrate. That this was not observed by Baxa et al. (1996) could be because they used octa-and dodecasaccharides as substrates and not the long-chain molecules that exist on Salmonella bacterial cell surfaces.
Our observations may have implications for the role of TSP in phage infection and for the possibility of the existence of alternative substrate-binding and catalysis sites in addition to, or instead of, those documented by Steinbacher et al. (1996, 1997) . The greater rate of hydrolysis against the preferred long-chain 0-antigen substrate would support a drilling function of TSP, as originally suggested by Lindberg et al. (1978) , but subsequently rejected by Baxa et al. (1996) . The threedimensional structure of a P22 TSP-substrate (octa-/dodecasaccharide) complex demonstrated the association of substrate binding and enzyme catalysis within the C-domain region between residues 300 and 400 (Steinbacher et al., 1997) . However, this does not exclude either additional and/or alternative sites being involved when the substrate is long-chain 0-antigen polysaccharides. One such site in Sf6 TSP may well be associated with the conserved ' glycanase motif' (Fig. 4) .
We used FACE to detect a small oligosaccharide which was the major oligosaccharide product released into the supernatant of Sh. flexneri Y cells treated either with Sf6 phage or with Sf6 TSP. This oligosaccharide is likely to be the expected octasaccharide resulting from endoglycanase cleavage at alternative RhaII-1,3-RhaIII glycosidic linkages (Fig. 1) -The oligosaccharide migrated similarly to rnaltoheptose (linear heptamer of glucose) and this may be a reflection of the conformation of the octasaccharide compared with the standard. These data are consistent with, and confirm, the hypothesis that Sf6 and Sf6 TSP have the previously described endorhamnosidase activity (Lindberg et al., 1978) .
Under the conditions used, we found that the Sf6 TSP was not active on Sa. typhimurium LT2 LPS, the substrate of the P22 TSP (Fig. 7, lane 7) . Likewise, the P22 TSP exhibited no activity for Sh. flexneri PE577 LPS (Fig. 7, lane 4) , highlighting the specificity of the individual enzymes of the corresponding bacteriophages for their natural host. Furthermore, the Sf6 TSP/ endorhamnosidase was only significantly active on Sh. flexneri of serotype Y or X LPS (Figs 6 and 7) . This corresponds to previous findings that only organisms of these two serotypes are sensitive to Sf6 (Clark et al., 1991) . Slight activity was observed on PE649 (serotype 5a) (Fig. 7, lane 19) ; this can be accounted for by the fact that this serotype possesses the only 0-antigen repeat structure besides serotypes X and Y which lacks any acetyl or glucosyl substitutions on RhaIII (Gemski et al., 1975; Carlin & Lindberg, 1987) . As TSP cleavage normally occurs at the 1,3-a-linkage between the unsubstituted RhaII and RhaIII of Sh. flexneri serotype X or Y, the lack of substitutions at RhaIII of serotype 5a may provide a more sterically favourable environment for TSP-mediated 0-antigen cleavage. The insensitivity of Sh. flexneri serotype 3a and 3b LPS to Sf6 TSP provides direct support for 0-antigen modification as a mechanism of superinfection exclusion. The modification of the 0-antigen by lysogenic Sf6 via oac expression renders the 0-antigen resistant to further TSP cleavage, denying access by superinfecting Sf6. Future studies will focus on using the Sf6 TSP in studies on Sh. flexneri 0-antigen biosynthesis and function.
